Abstract. Joule heating of bundles of Mo 6 S 3 I 6 nanowires, in real time, were studied using in-situ TEM probing. TEM imaging, electron diffraction, and conductivity measurements showed a complete transformation of Mo 6 S 3 I 6 into Mo via thermal decomposition. The resulting Mo nanowires, had a conductivity that were 2-3 orders higher than the starting material. The conductivity increased even further, up to 1.8·10 6 Sm −1 , when the Mo nanowires went through annealing phases. These results suggest that Joule heating might be a general way to transform or anneal nanowires, pointing to applications such as metal nanowire fabrication, novel memory elements based on material transformation, or in-situ improvement of field emitters.
Introduction
Driving a high current through a nanowire lead to increased temperature due to Joule heating. This current induced heating could lead to failure of nanowires, however, heat could also be used to remove imperfections in the wires by annealing. In situ transmission electron microscope (TEM) probing, is one method to study these phenomena for direct correlation electrical properties with microstructure of the nanowires during Joule heating. This method employs a tiny scanning tunneling microscope (STM) inside a TEM. The STM tip is used for contacting the nanowire and applying the heating current and at the same time monitoring electrical conductivity, while the TEM is used for imaging of the microstructure.
Such real time in situ Joule heating studies have been done on carbon nanotubes, for example, on the transformation of amorphous carbon into crystalline carbon nanotubes [1] . This transformation suggest that the temperature reached is higher than 1700
• C. Joule heating of the carbon nanotubes give rise to recrystallisation with a resulting increase in electrical conductivity [2] , or leading to superplastic deformation [3] . By further increasing the electric power, the carbon nanotubes will instead lead to break-down of the wire [4] . The in situ method during Joule heating are used to study other forms of carbon and graphene sublimation and multi-layer edge reconstruction have been observed [5] .
Compound materials are also studied using in situ TEM Joule heating, in the form of GaN nanowires and BN nanotubes. In situ studies show that thermal decomposition of the GaN nanowires and Ga nanoparticles separate to the surface of the wire during the failure process [6] . This is of importance since GaN are used in laser diodes operating at high current densities requiring careful consideration of the heat dissipating. Direct in situ TEM studies of BN nanotubes show thermal decomposition of tubular layers leaving spherical nanoparticles behind on the wire surface before failure [7, 8] . A problem of Joule heating compound nanowires is a positive feedback phenomena that quickly lead to nanowire failure, due to decreasing resistance during heating. One way that may prevent this is to limit the current by a serial resistor, preventing a positive feedback, in a way similar to what have been shown in a study of welding of nanowires [9] .
Here, we describe a study of a compound nanowire, Mo 6 S 3 I 6 , formed as bundles of nanowires [10, 11] . There are a number of applications of these wires including vaporand bio-sensors [12] and they can be assembled into more complex structures [13] . However, the properties during Joule heating are not well known, which is of importance in applications such as field emission [14] . We made two main observations: first a transformation of Mo 6 S 3 I 6 to metallic Mo via thermal decomposition. Using a serial resistor to limit the current, allowed us to avoid the nanowire failure until only Mo remained. In the second observation we used these remaining Mo nanowires to study the annealing process, in a way similar to the annealing studies of the carbon nanotubes mentioned above, to reveal details about grain growth and the increased conductivity.
Experimental details
The starting material, Mo 6 S 3 I 6 bundles of nanowires [11] , are synthesized in a singlestep process and consist of wires with sub-nanometer diameter. During synthesis the nanowires self-assemble into weakly bounded bundles. These bundles are easily dispersed in common polar [15] and organic [16] solvents down to individual molecular wires, but here we used the bundles as received (Mo6 company) without further treatment. The electrical conductivity, about 10 Sm −1 , of these bundles is lower than for metal nanowires [17, 18] . The bundles were 20-1000 nm in diameter and one to several hundred µm in length.
To study the Joule heating process in detail, we made experiments on the bundles. This was done inside a transmission electron microscope (JEOL-2000FX) using an in-situ TEM probing holder [19] (Nanofactory Instruments). In this in-situ method [20, 21] , also called TEM-STM, one electrode is fixed while the other one can be moved in three dimensions by a piezo-electric actuator with sub-nanometer resolution. We used two 0.25 mm gold wires as electrodes, and to attach the bundles to one of them, we simply dipped one of the gold wires in conductive glue and then in the Mo 6 S 3 I 6 material. The two electrodes were connected to an electrical measurement system (figure 1c) allowing a current to be passed through the bundles. Inside the TEM, a bundle was selected and moved into contact by the piezo-element. In real time, the entire process was observed by TEM imaging or electron diffraction while controlling the current through the wire-bundle. Movies of the TEM images or diffraction patterns were recorded together with corresponding electrical data.
It is hard to measure the temperature of small objects such as nanowires. In the case of semiconducting nanowires, one may use the temperature dependency of current transport through the Schottky barriers that form between the wire and the contacts [7, 8] . Another way is to use a sacrificial material and observe the evaporation of this material during Joule heating. This method has been used on silicon nanowires to estimate the Joule heating temperature by evaporating a polymer thin film deposit on the nanowires [22] . Here, we evaporated gold nanoparticles deposited on the nanowire bundles. We attached the gold nanoparticles to the surfaces of the bundles in one of the experiments (#15) by mixing them with a solution of sodium citrate followed by sonication, boiling and injection of HAuCl 4 , and separation by centrifugation [23] (see also details in the supplementary).
Results
The first, most apparent observations were, when increasing the current through the Mo 6 S 3 I 6 bundles, a sudden jump occurred, and the somewhat irregular wires become straight, accompanied by an increase in conductivity by several orders (figure 1 a-b and Supplementary, Movie 1). During this transformation, the diameters of the Mo 6 S 3 I 6 bundles were reduced by 30-60% as shown in the histogram in figure 1d ). In addition, electron diffraction clearly showed a transformation of Mo 6 S 3 I 6 to molybdenum (figure 3d,e,f).
TEM imaging before and after the transformation and the corresponding conductivity measurements (figure 2) also showed a change in structure of the wires. The fresh Mo 6 S 3 I 6 wire (figure 2, type A) was transformed to an amorphous or polycrystalline wire (type B), with a large increase in conductivity (see the graph in figure 2 ). After the transformation, by continued heating of the resulting Mo nanowire, the small grains in the type B increased into larger ones (type C and D) while the conductivity increased further by 1-2 orders reaching up to 1.8 · 10
6 Sm −1 , which is about one order lower than Mo bulk values (see also the supplementary Movie 2 of electron diffraction during the annealing phase). The failure current densities were > 8·10
6 Acm −2 (see table in Supplementary). To estimate the annealing temperature, we observed the melting of 50 nm gold nanoparticles in one of the experiment (#15) during the slow annealing phase implying a temperature above 1000
• C (figure 4).
Discussion

Transformation via thermal decomposition
The first step, the transformation from Mo 6 S 3 I 6 to metallic Mo, was a fast process where the structure of the Mo 6 S 3 I 6 wires collapsed as the sulphur and iodine atoms vaporised. The reduction in diameter of 30-60% (figure 2) is consistent with a transformation to metallic molybdenum since a change in volume will be determined by the ratio of the densities of the two materials which is 5. If we assume that all three dimensions were reduced equally, this amounts to a 40% reduction in diameter, while assuming a fixed length will give a 60% diameter reduction. The expected increase in conductivity of several orders (figure 2), the TEM images (figures 2 and 3), and the electron diffraction (figure 3d,e,f) all clearly showed a transformation to Mo. The transformation can be understood if, in the lack of the ternary system Mo-S-I, the Mo-S phase diagram is studied and if the Mo 2 S 3 phase is assumed to be similar to the Mo 6 S 3 I 6 phase with sulphur replacing the iodine atoms. In the temperature range from about 660 to 1550
• C the Mo 2 S 3 phase transforms to Mo if the sulphur is leaving the lattice. The equilibrium diagram is valid for a gas phase at 1 atm, but in a vacuum, where the present experiments were done, it is likely that the volatile constituents easy can leave the lattice, especially as the single wires in the bundles are only about 1 nm in diameter. Upon the collapse, an amorphous structure, or a structure with extremely small crystals form. Heating, up to 900
• C of Mo 6 S 3 I 6 nanowire bundles in vacuum does not decompose the material, however some signs of iodine evaporation is present above 700
• C [24] . Using the gold melting observation (figure 4) we thus conclude that the transformation temperature was roughly in the range 900-1050
• C.
Annealing and grain growth
In the next annealing phase, at a temperature above 1000
• C, grain growth occurred. Either it started from an amorphous structure with nucleation and growth, or it started with small crystallites, which will grow.
Grain growth is often quantitatively treated [25, 26] by the relation
where D is the grain size at a certain time and D 0 is the initial grain size, t is the time and K a constant which depends on the metal composition, temperature and surface energy. The exponent n has been found to vary from 2 to 10 for different cases, but for clean materials at high temperatures the value is close to 2. The process is thermally activated as it contains the atomic diffusion over the grain boundary, and K can be described by an Arrhenius expression.
In the present case an estimation of the growth rate can be done, as it is possible to see when the grains have reached the surface. Equation 1 is only valid as long as the grain growth mainly occurs in the bulk of the wires and as long as only a minority of the grains have reached the surface. It is reasonable to assume that this holds as long as the grains are smaller than about half the diameter of the wires, i.e. at a stage reached somewhat earlier than what can be seen in figure 2 type C. From the experiments it can be estimated that the grain size is about 50 nm after about 10 min, which means that the constant K becomes 4·10 −14 cm 2 s −1 if the exponent n=2 is used.
In the literature one can find investigations of grain growth of nanocrystalline materials, e.g. [27] and [28] in Co and W, respectively. In [27] , at 530
• C, it was found that the growth deviate from the law represented by equation 1 in such a way that the exponent n change drastically during the growth from about 1.1 to 4.4, and the conclusion was that grain growth in the nano range is different from in the micro range. In the present investigation we did not study the grain growth in real time and therefore it is not possible to evaluate the exponent as we only have start and end data, but in the part of the data in [27] where the exponent was about 2 the rate constant was about 2·10 −14 cm 2 s −1 , which is fairly close to the value found in the Mo wires. From the data in [28] rate constants, for grain growth in W can be evaluated at different temperatures, and at 1200
• C, which is a third of the melting point, a K value of 2·10 −14 cm 2 s −1 was obtained. A relatively close agreement can thus be found between the present data and the results in the cited investigations if a temperature of about a third of the melting point is chosen for the comparison. It can thus be concluded that grain growth occurs in the Mo wires in a way similar to what has been observed in nanocrystalline materials before.
Depending on the energy balances, and thus the orientation of the grains, continuing growth rate will be different on different places along the wires. However, data of the pertinent energies indicate that the growth will slow down or even stop at many boundaries along the wires as the surface energy of Mo is about 2 J/m 2 [29] , and the grain boundary energy is probably smaller. No data have been found for Mo, but for several other metals the grain boundary energies are given values between 0.5 and 1 J/m 2 [30] . Of course they vary strongly with the type of grain boundary, and on certain spots along the wires some grains will shrink and disappear, but the final appearance of the wires, as illustrated in figure 2 type D, is what can be expected.
Temperature
The gold melting experiment (circa 1000
• C) occurred after the transformation stage and in the beginning of the annealing phase. This gold melting experiment is similar to the carbon nanotube based method of growing carbon cages by gold templating [31] , where the gold evaporate away or intercalate with the carbon nanotube. We might suspect such a mixing of the gold nanoparticles with the Mo nanowire. However, the eutectic temperature of a mixture of Mo-Au is 1054
• C [32] , which is close to the melting point of gold, 1064
• C. This means that even if the Au mix with the Mo nanowire, the temperature estimation from Au melting/evaporation experiment still give a valid value. We also know that the temperature was below 2600
• C, when Mo melts. However, the electrical power during the annealing was well below the failure current when Mo melts, it is thus likely that the temperature was closer to 1000
• C than to the Mo melting point, which is also consistent with the discussion on grain growth above.
In an attempt to correlate the Joule heating current with the temperature we made a simple model of the wire, following [33] , with the contact electrodes as heat sinks and with radiation cooling (see Supplementary). However, the resulting temperatures were too high to be realistic. One problem with this approach were the unknown contact resistances. Even if we can calibrate the model using the data from the gold melting experiment, we could not be sure that the contacts were stable over time. We also made current-voltage characterisation (see Supplementary) showing non-linear relations, that we interpreted as suppressed conductivity at high currents due to phonon-scattering. However, a simple free electron model of this did also gave unrealistically high temperatures. One possible source of errors was again the unknown contact resistances.
Conductivity
It is well known that the conductivities of nanowires often are lower than the corresponding bulk values due to higher degree of scattering at the surface and at the grain boundaries [34, 35, 36] . For the smallest, atomic scale nanowires, the electron transport is ballistic, but there is a transition to diffusive transport for larger ones [37] . When the mean free path is longer than the grain size or the diameter of the nanowire, the electron pass before scattering will be shortened. The conductivity is proportional to the mean free path and a higher degree of scattering will lead to lower conductivity.
In the present case, we directly observed the grain sizes and during the annealing phase, the grains coalescent into larger ones that extended the entire nanowire diameter. However, the growth in the axial direction where much slower and we did not extended the study to turn the entire (many micrometer long) nanowire into a single crystal. We thus had a high density of grains, as compared to bulk, with high degree of scattering against grain boundaries. It is thus not surprising that the conductivity of the Mo nanowire is one order lower than bulk values.
Another source of scattering might be sulfur or iodine atoms left in the wire. However, the solubility of S or I is limited as can be seen in Mo-S [38] and Mo-I [39] phase diagrams (in lack of the ternary diagram Mo-S-I). For example, sulfur does not solve in Mo at room temperature and only at a maximum of 3% at higher temperatures. If there was any S left in the wire at high temperature, it will turn into MoS 2 (with a max of 3% S) when lowering to room temperature. These MoS 2 will then migrate to the surface or to the grain boundaries. We did not specifically study these possible residues, but at the resolution available in the set-up no such MoS 2 were visible. EDS, that was not available in the present set-up, might give some more information about S or I residuals.
One source of uncertainty in two-terminal conductance measurements are the unknown contact resistances. It is known that the initial contact resistances are high-ohmic (MΩ) for in-situ TEM probing experiments [40] , but by driving a high current through the wire the contacts are healed and the resistances decrease. We also observed a similar behaviour. In an attempt to model the temperature (see supplementary information) we discussed the role of contact resistance and if we calibrate the temperature model with the gold melting experiments (figure 4) we arrived at initial contact resistances of a few tens of kΩ. However, the contact resistances are still uncertain and as the resulting Mo nanowires are low-ohmic ones, the contacts could constitute a significant part of the resistance. Therefor, instead of subtracting estimated contact resistances, we consider the measured values as a lower limit of the conductivity.
To address this problem of contact resistances, an interesting extension of the present study, that might be possible in a carefully designed set-up, would be to probe the conductivity along the wire and then deduce the nanowire conductivity. If a sharp enough tip is used, for example from another nanowire, it might be possible to directly probe the degree of ballistic transport within each grain and the electron reflection coefficient at the grain boundaries [34] .
Implications for applications
Other molybdenum chalcogenides [41] (Se and Te) have been fabricated in the shape of nanowires with diameters around 1 nm [42] and also occurring as bundles [43] . It is likely that Joule heating of these wires could also result in molybdenum wires, and thus be another route for preparation of molybdenum nanowires. Other metals with high melting temperature like tungsten, vanadium and niobium, form chalcogenides, which decompose at lower temperature, and these metals should also be obtained as nanowires in a similar way. Using the same process it might also be possible to transform conducting metal oxides nanowires [41] . One may also compare the in situ Joule heating method with a more standard in situ TEM method that utilize a heating holder. In the standard set-up the temperature is known with a high accuracy. For example, using this kind of heating holders, the thermal decomposition of metal oxides have been studied, such as W 18 O 49 [44] as well as annealing of silver wires [45] , however, the conductivity data have to be provided ex situ.
The high differences in conductivity between fresh wires and metal ones suggest applications as memory elements [46, 47] . A short pulse of high current would permanently transform a high ohmic nanowire to a low ohmic one, and thus provide two distinct logical states for a kind of nanowire permanent memory. The Joule heating method might also be of general use for improving the crystallinity of nanowires and thus improve conductivity or mechanical properties. For example, field emitters could be improved by increasing the current to transform or anneal the wires, and indeed this kind of sudden increase in conductivity has been observed earlier in field emission experiments [14] .
Conclusion
In conclusion, straight metallic molybdenum nanowires were non-reversible transformed from Mo 6 S 3 I 6 bundles by Joule heating via thermal decomposition as consistently observed by conductivity increase, reduction in diameter, TEM imaging, and electron diffraction. Annealing of the Mo nanowires, with the observed grain growth as result, seems to prolong in a way that has been observed in nanocrystalline materials before. Our results suggests that Joule heating might be a general way to anneal or transform nanowires, pointing to applications such as in-situ improvement of field emitters, metal nanowire fabrication, or novel memory elements based on material transformation. figure 2 . In some experiments the wire burned off and when it was possible the remaining part were reconnected and the experiment continued, for example #6 burned off three times. In some of the experiments two types of nanowire bundles was observed along the same wire; some sections of the wire was of one type while other parts of another type. In the last experiments #15, gold nanoparticles where attached to the nanowire to estimate the temperature by melting gold nanoparticles. The generated heat inside the wire by the electric current is dissipated away by conduction through the connected electrodes and by radiation from its surface.
Experimental data table
# a Type b Φ(nm) c L(µm) d I(uA) e Uw(V) f P(uW) g σ(Sm −1 ) h G(uS) i j(Acm −2 ) j Note k 1 B
Model of the nanowire temperature during Joule heating
To estimate the temperature in the nanowire connected to two electrodes one can model it as a cylinder with half the length of the nanowire and connect at one of the ends to a heat sink and the other end is kept free. The time independent heat equation,
can then be used to model the heat dissipation [33] , where R is the resistance of the wire, I the electric current, T the temperature of the wire, T 0 the surrounding temperature, A the cross-section area, L half the nanowire length, κ the thermal conductivity, and σ is the Stefan-Boltzmann constant (we assume an emissivity=1). For a system where both sides are attached to heat sinks to produce a closed electric circuit, an electric current will heat the nanowire. There are heat loss by conduction and by radiation ( figure 5 ). The thermal conductivity for a metal can be estimated by using Wiedemann-Franz law, K/σ = LT , that states that for metals the ratio of the thermal conductivity and electrical conductivity is proportional to temperature by the Lorenz-number (2.45 · 10 −8 W ΩK −2 ). In the experiments, the measured the electrical conductivities were below 10 6 Sm −1 and therefore the thermal conductivity of the nanowire is assumed to have its major contribution from phonons with a thermal conductivity of 10 WK −1 m −1 , which we used as a fixed value in the model. By solving equation (2) numerically, using the LSODE-algorithm in the GNU Octave program, and by inserting the diameter 1174 nm, L=222/2 µm and T 0 =300 K into the equation we can calculate the temperature along the length of the nanowire and as function of input electric power. These calculations were made on nanowires from three of the experiments (#2, #3 and #15) and the calculated temperatures are presented in table 2.
The measured resistance R value can be described as the sum of contact resistance and nanowire resistance. If the contact resistance is proportional or higher than the nanowire resistance most of the input electric power will be dissipated in the contact regions giving a lower temperature of the nanowire than the temperature model will predict. Instead if the temperature of the nanowire, by any other means is known, as in the case when gold nanoparticles melts (T=1064
• C) one can do the reverse calculations and determine the contact resistance. One experiment (#15) was done observing the melting of the gold nanoparticles. Measured total resistance was 45.3 kOhm, when the gold melted, and the temperature model gives a contact resistance of 37.4 kOhm. Table 2 shows the calculated temperatures with and without correction of contact resistance for two different samples, assuming the same contact resistance as in the gold melting experiment. Without contact resistance correction the temperature model gives unrealistically to high values. With correction of contact resistance, calculated temperatures shows somewhat lower values but still to high, with values above the melting temperature of molybdenum (2600
• C). The contact resistance are influencing the estimated temperatures and as this resistance is unknown (except for experiment #15) and changing over time, the model does not give reliable temperature estimates. Table 2 . Temperature calculation during the slow annealing process as observed from electron diffraction pattern changes. The upper part of the table is data taken from sample no 2: L=264 µm, φ=660 nm and the lower part is from sample no 3: L=222 µm, φ=1174 nm. The start of the slow annealing phase was detected by studying the electron diffraction pattern change during increase of bias voltage. Before annealing the patterns were static and at the beginning and during the annealing the diffraction pattern rotated. 6.4. Procedure for depositing gold nanoparticles to the Mo 6 S 3 I 6 nanowire bundles Briefly, 1 mg Mo 6 S 3 I 6 nanowire bundles were mixed with 4 ml sodium citrate (1 wt % in doubly distilled water) and sonicated for 5 min, then the mixture was diluted to 100 ml using doubly distilled water and heated to the boiling point. Then, 1 ml HAuCl 4 (1 wt % in doubly distilled water) was injected into the solution during continued heating for 5 min. The sample was separated using a centrifuge at a speed of 5000 rpm.
Temperature estimation from non-linear IV-curves
IV-curves before transformation of the Mo 6 S 3 I 6 bundle and after annealing to type D structure is shown in figure 6a,b.
If one consider that the current I is depending on the electrical conductivity σ as well as the temperature T (u) due to phononic interactions and that the temperature itself to be depending on the bias voltage u to the second order, because the electric input power into the wire is P = u 2 /R we get Figure 6 . IV characteristic of sample #14 a) before Mo 6 S 3 I 6 bundle transformation and b) at the end of the annealing phase when the nanowire has reach type D structure state. The non-linear shape may be due to phonon scattering that limits the current. Both raising voltage and dropping voltage curves are presented in both figures.
where l and A is the length respective the cross-section area of the nanowire, and the temperature will be
By applying a free-electron-model we can then calculate the constant c in equation 3 if we insert the material data for metallic molybdenum; two conducting electron per unit cell and speed of sound V = 5400m/s:
πρv F n(m e 3hV ) 2 ≈ 3 · 10 −11 Ωm/K,
and F =h 2 2m e (3π 2 n) 2/3 ≈ 5.8eV.
If we then fit equations 3 and 4 to the measurement data via T max we get T max = 27000K which is an unrealistically high temperature (figure 7). The calculated constant c is a factor of ten too small to give reasonable temperatures. The free electron model might be too simple and it could be, for example, corrected for an effective electron mass, but again the unknown contact resistances are making the modeling problematic. Current-voltage data and model of the temperature using equations 3 and 4. Fitting of experimental data (crosses and diamonds) to the model gives unrealistically high temperatures.
